ABSTRACT. Leafminer (Liriomyza spp.) is a major insect pest of many important agricultural crops including lettuce (Lactuca sativa L.). The goals of this study were to evaluate lettuce genotypes for resistance to leafminers and to estimate the heritabilities of leafminer-resistant traits in the fi eld, to examine the association among different resistant traits, and to study the mechanism of leafminer resistance in lettuce. Seventy-eight lettuce accessions and 232 F 2 plants of crosses were evaluated for leafminer stings and the production of pupae and fl ies in the fi eld in 2001 and 2002, and resistant genotypes were subjected to no-choice test. Wild species (Lactuca serriola L., L. saligna L., and L. virosa L.) had signifi cantly fewer stings than cultivated lettuces. Among cultivated lettuces, sting densities were lowest on leaf lettuce and highest on romaine types. The sting results from the fi eld were highly correlated with the results from insect cages (r = 0.770 and 0.756 for 2001 and 2002 tests, respectively), suggesting that a cage test can be used to screen for resistance in the fi eld. Broad-sense heritability estimates for stings per unit leaf area in the fi eld were 81.6% and 67.4% for 2001 and 2002 tests, respectively. The number of pupae produced per plant or per leaf was moderately correlated with sting density but was not correlated with leaf weight. Results suggest that both antixenosis and antibiosis exist in lettuce germplasm and resistant genotypes from choice tests remain resistant under no-choice conditions. These fi ndings suggest that genetic improvement of cultivated lettuce for leafminer resistance is feasible.
leafminers can develop a high degree of resistance to a broad range of insecticides (Keil and Parrella, 1990; Mason et al., 1987; Parrella and Trumble, 1989) . Therefore, it is essential to develop alternative strategies for leafminer management. Resistant varieties remain the most economical means of insect control. Their deployment could reduce the pesticide use, which may be benefi cial to growers, consumers, and the environment. However, lettuce cultivars with high levels of resistance to leafminers are not currently available.
There are two types of insect resistance: antixenosis and antibiosis. Antixenosis (nonpreference) means that a plant has traits that make it unattractive to insect pests to feed or to lay their eggs. Screening for antixenotic resistance is usually carried out in choice tests where insects can choose among different plant genotypes for feeding or oviposition. Antibiosis refers to the host plants that have chemicals or other factors that adversely affect the insects feeding on them. When insects attack plants with this type of resistance, they die, lay fewer eggs, produce fewer young, or have slower rates of growth. Screening for antibiotic resistance is usually conducted in no-choice tests where insects are allowed to feed on only one plant genotype at a time.
Limited studies on leafminer resistance in vegetables have been reported. Erb et al. (1993) found larval antibiosis against L. trifolii in four interspecifi c hybrids of tomato, and adult antibiosis and antixenosis for feeding was partially a result of the plantʼs trichome exudates. No resistance to leafminers (L. trifolii) has been observed in cultivated celery, but an accession of a wild species, Apium prostratum, was found to be practically immune as no feeding or oviposition was observed (Trumble and Quiros, 1988 ). An accession from another wild species, A. nodifl orum, demonstrated substantial insect toxicity; few mines were observed and no larvae survived to the pupal stage (Trumble et al., 1990) . In lettuce, female leafminers (L. trifolii) survived signifi cantly longer and produced more stings and pupae on the cultivar 'Tall Guzmaineʼ than on three other cultivars (Nagata et al., 1998; Nuessly and Nagata, 1994) . Mou and Liu (2003) evaluated lettuce germplasm in insect cages and found that leaf lettuce varieties showed less leafminer stings than head lettuce types, and an accession (PI 509525) from a wild species, L. saligna, had few stings and no fl ies emerged from it.
The leafminer resistance in lettuce has not been studied under fi eld conditions, and the mechanism of leafminer resistance in lettuce is also unknown. The purposes of present experiments were to evaluate lettuce genotypes for resistance to leafminers and to estimate the heritabilities of leafminer-resistant traits in the fi eld, to examine the association among different resistance traits, and to study the mechanism of leafminer resistance in lettuce.
Materials and Methods

CHOICE TESTS.
Experiments were conducted at the Agricultural Research Station of the U.S. Department of Agriculture, Salinas, Calif. Thirty-fi ve accessions from the lettuce germplasm collection maintained at the station were evaluated in 2001, and 54 accessions were evaluated in 2002. They were previously evaluated in insect cages (Mou and Liu, 2003) and include crisphead, leaf, romaine, butterhead, stem, Latin, Batavia, and primitive forms of lettuce, and wild species Lactuca serriola, L. saligna, and L. virosa from different geographic areas. Seeds were planted in Sunshine Plug 5 Growing Mix (Sun Gro Horticulture, Inc., Bellevue, Wash.) in plastic transplanting trays (128 cells, 3 × 3 × 5 cm in length × width × height) in greenhouse in May. Four weeks after planting, plants were transplanted in the fi eld in a randomized complete block design with eight replications and each plot consisting of eight plants. Spacing was 30 cm between plants and 35 cm between rows on 1-m-wide double-row beds. Number of leafminer stings was counted in a 20-cm 2 leaf area with the highest sting density on a randomly selected plant in each plot with the aid of an optical glass binocular magnifi er (OptiVisor, Donegan Optical Co., Lenexa, Kans.) 6 weeks after transplanting.
Mature F 2 (derived from selfi ng hybrid F 1 plants) plants from crosses among PI 169513, 'Bibbʼ, 'Lobjoitsʼ, 'Lolla Rossaʼ, 'Prizeheadʼ, 'Red Grenobleʼ, 'Salinasʼ, 'Salinas 88ʼ, 'Tiberʼ, and 'Tom Thumbʼ, in a breeding nursery were randomly selected in 2001 and 2002 to study associations among leafminer resistant traits. These plants were used because the parents of the crosses showed different levels of leafminer resistance in previous tests, and the F 2 plants exhibited extensive variation and segregation of the resistant traits. F 2 seeds were planted in the fi eld with a Planet, Jr. Jiffy Planter (no longer in production) at a depth of 1 cm in May. About 4 weeks after planting, plants were thinned to 30 cm between plants and 35 cm between rows on 1-m wide double-row beds. In July 2001, fi ve lower leaves were selected from each of 112 F 2 plants and leafminer stings in a randomly selected 20 cm 2 leaf area were counted for each leaf. Outer leaves of each plant were then harvested, weighed, and put into an 8-L clay pot (25 cm in diameter and 25 cm in height) covered with polypropylene fabric before larvae emerged from leaves and became pupae. A 17 × 10-cm sticky card (Seabright Labs, Emeryville, Calif.) was taped on inside surface of the pot to catch emerging adult fl ies. Number of fl ies on each card was counted 6 weeks later. In July 2002, only leafminer stings in a 20-cm 2 leaf area with the highest sting density on each of the 120 F 2 plants were counted to reduce the amount of work. The outer leaves of each plant were then harvested, weighed, and hung on bamboo sticks in a 19-L round plastic bucket (30 cm in diameter and 36 cm in height) covered with polypropylene fabric before larvae dropped down to bottom of the bucket to pupate. A 17 × 10 cm sticky card was taped on inside surface of the bucket to catch emerging adult fl ies. The pupae in each bucket and fl ies on each card were counted 6 weeks later.
NO-CHOICE TEST. Lettuce leaves with leafminer mines were collected from newly harvested fi elds around Salinas and hung in the shade to allow leafminer larvae to emerge from the leaves and pupate. Pupae were collected and put in plastic containers to allow the adult fl ies to emerge. Resistant (as judged by sting density) genotypes (PI 187238, PI 273597, PI 491178, PI 509525, and 'Red Grenobleʼ) and susceptible genotypes ('Salinasʼ and 'Da Ye Wo Sunʼ) in fi eld tests were planted in 10 × 10 × 10 cm plastic pots in June 2002. A single 4-week-old plant was placed in an insect cage made from a 21-L round plastic bucket (30 cm in diameter and 44 cm in height). The bucket top and two side windows (26 × 18 cm) were covered with polypropylene fabric. The buckets were arranged in blocks and replicated seven times. Thirty newly-emerged fl ies were released in each of the bucket cages to feed on the plant. Daily observations were made to record how long the fl ies survived in the cage. The period from initial release of fl ies in the bucket cage to the date no released fl ies were found alive was defi ned as the adult period. Seven days after the release of fl ies in the cage, number of leafminer stings was counted for the whole plant and in a 20-cm 2 leaf area with the highest sting density on the plant. Number of mines on the plant was counted 25 d after the fl y release in cages. A 17 × 10 cm sticky card was taped on inside surface of the bucket cage to catch emerging adult fl ies and the fl ies on the card were counted 9 weeks after the initial fl y release in cages. DATA ANALYSIS. Data were analyzed using the Analysis of Variance (ANOVA) and Correlation functions of Microsoft Excel (Microsoft Offi ce 2001, Microsoft Co., Redmond, Wash.). Means of different genotypes were compared by computing least signifi cant differences (LSD). Means of different lettuce types were compared by constructing contrasts with F tests (Petersen, 1985) . From the 2001 and 2002 fi eld transplanting experiments, broad-sense heritabilities (h 2 ) for leafminer sting density were estimated from the components of variances (Singh and Chaudhary, 1977) : h 2 = σ 2 g /(σ 2 g + σ 2 e ) where σ 2 g is genotypic variance and σ 2 e is environmental variance. Since the genotypes used in this study were autogamous and genetically uniform, the expected mean squares for error was used to estimate the random environmental variance.
Results and Discussion
Signifi cant genotypic differences were found for leafminer stings per unit leaf area in the fi eld (Table 1) . None of the 78 genotypes tested was immune to leafminers, as all genotypes had at least a few stings (Table 2 ). Mean number of leafminer stings (Mou and Liu, 2003) . The consistency in performance suggests that differences in resistance were stable and a cage test can be used to screen for leafminer resistance in the fi eld. Broad-sense heritability estimates for leafminer stings per 20-cm 2 leaf area in the fi eld were 81.6% for the 2001 test and 67.4% for the 2002 test, as compared to estimates of 64.8 and 65.2% obtained from two cage tests (Mou and Liu, 2003) . Broad-sense heritability measures the portion of variation observed for a trait that is due to genetic or heritable cause, as opposed to environmental infl uence. It suggests that the number of stings per unit leaf area is a heritable trait and selection for this trait is likely to be effective.
When different types of lettuce were compared, wild species had signifi cantly fewer leafminer stings than cultivated lettuces in the fi eld (Tables 1 and 3 ). Transfer of resistance from wild species often brings in horticulturally undesirable traits that may need additional backcrosses to eliminate . Although it may be easier to use cultivated lettuce as sources of resistance in a breeding program, genes from wild species can be used to broaden the genetic base of resistance. Among the major cultivated types, leaf lettuce had the lowest sting density while romaine lettuce had the highest. Crisphead lettuce had fewer stings than the butterhead type. Nagata et al. (1998) suggested that a potential defi ciency of a nutritional factor might be involved in conferring host plant resistance to leafminers (L. trifolii). Romaine lettuce generally has higher vitamin A and vitamin C content than other lettuce types (U.S. Dept. of Agriculture, 2002) . In previous tests conducted in insect cages, crisphead lettuce had most stings (Mou and Liu, 2003) . The difference might be partly explained by the fact that the head types did not form tightly-packed heads in insect cages. Opening heads has been shown to increase the nutritional value of the plant , which could in turn attract leafminers. There was also variability in leafminer sting density within each lettuce type (Table 3) . Leaf lettuce especially showed a wider range of variation in sting density than other lettuce types. The low mean and large variation of sting density in leaf lettuce suggest that resistance to leafminer stings might be easier to achieve in leaf lettuce than in other lettuce types.
Most stings are caused by the feeding activities of leafminer adult. The question arises whether leafminer fl ies tend to lay fewer eggs on a lettuce plant if they do not like to feed on that plant. Leafminer eggs are diffi cult to count because they are tiny and are laid within leaf tissue. Therefore, the number of pupae or fl ies that emerged from a plant was used as an indirect measure of eggs laid in the plant. Our F 2 results (Table 4 and 5) indicate that the number of stings per unit leaf area was only moderately Traits. Stings/20 cm 2 = leafminer stings in a 20-cm 2 leaf area with the highest sting density on the selected plant. Leaves = total number of leaves harvested from the plant. Leaf wt = total fresh weight of leaves harvested from the plant. Pupae = total number of pupae emerged from the harvested leaves of the plant. Flies = total number of fl ies emerged from the harvested leaves of the plant. Pupae/kg leaves = average number of pupae emerged per kg harvested leaves. Wt/leaf = average weight per harvested leaf. Fly/kg leaves = average number of fl ies emerged per kg harvested leaves. Pupae/leaf = average number of pupae emerged from a harvested leaf. Flies/leaf = average number of fl ies emerged from a harvested leaf. *,** Signifi cant at P = 0.05 or 0.01, respectively. Traits. Avg stings = average leafminer stings per 20-cm 2 leaf area from fi ve lower leaves of the lettuce plant. Max stings = highest leafminer sting density in 20-cm 2 leaf area from the fi ve leaves counted. Leaves = total number of leaves harvested from the plant. Leaf wt = total fresh weight of leaves harvested from the plant. Flies = total number of fl ies emerged from the harvested leaves of the plant. Flies/kg leaves = average number of fl ies emerged per kg harvested leaves. Wt/leaf = average weight per harvested leaf. Flies/leaf = average number of fl ies emerged from a harvested leaf. *,** Signifi cant at P = 0.05 or 0.01, respectively. correlated with fl ies or pupae produced per plant or per kilogram of leaves. This suggests that feeding nonpreference does not necessarily mean oviposition-nonpreference for a lettuce genotype, and these two traits can be improved independently. Numbers of pupae and fl ies produced were also just moderately correlated (Table 5 ), suggesting that lettuce genotypes may play a role in pupa mortality. Number of pupae produced per plant or per leaf was not correlated with the total weight of leaves harvested from the plant or weight per leaf (Table 5 ). It suggests that leafminer fl ies did not lay their eggs randomly, and oviposition-nonpreference occurred in these plants.
To study the mechanism of leafminer resistance in lettuce, we subjected resistant and susceptible genotypes in fi eld (choice) tests to a no-choice test. Leafminer adult survived 11.7 d on 'Da Ye Wo Sunʼ, but only 4.6 d on PI 273597 (L. virosa, Table 6 ). Although there were mines on L. virosa plants, the mines did not enlarge and remained narrow and short, resulting in no fl y emergence. This phenomenon was also observed in the fi eld. Coupled with the short adult survival period on the accession, it suggests that L. virosa is toxic (antibiotic) to leafminers. If this type of resistance is used, it may reduce the leafminer population and reproduction, but still result in some damages from stings and mines. In comparison with PI 273597, PI 187238 had about the same adult survival period and number of stings but fewer mines (Table 6) , and it may be easier to transfer the resistance from it to other cultivars than from wild species. Leafminer adult survived longer on PI 509525 (L. saligna) than on most other genotypes but had few stings and no mines or fl y emergence, suggesting a deterrent for feeding and oviposition might be involved (Table 6 ). If this type of resistance is utilized, damages from stings and mines may be reduced but adult fl ies might survive a longer period of time and could move to other fi elds or crops, as compared to the type of resistance conferred by PI 273597. These results suggest that there are different mechanisms by which different Lactuca species resist leafminers. It may be desirable to combine different types of resistance in a lettuce cultivar through plant breeding.
In the choice tests, fewer stings per unit leaf area suggest host nonpreference. Resistance based on antixenosis would be desirable because even the photosynthetic losses caused by adult feeding and oviposition would be reduced (Trumble et al., 1985) . When nonpreference type of resistance is employed, there is always a concern that insect may choose the nonpreferred host when the preferred one is not present (Ryder, 1986) . In our no-choice test, genotypes with fewer stings in fi eld (choice) tests also had fewer stings per unit leaf area and per plant, and less fl y emergence than genotypes with higher sting densities in fi eld tests (Table 6 ). This suggests that resistant genotypes from choice tests are still resistant to leafminers under no-choice conditions, and sting density can be used to effectively select for leafminer resistance. This is good news for plant breeders as they can just select leafminer-resistant plants in choice tests that are much easier to conduct than nochoice tests that require isolation of individual genotype.
We found a wide range of genetic variability in leafminer resistance in different types and species of lettuce. Results suggest that both antixenosis and antibiosis exist in lettuce germplasm and resistant genotypes from choice test remain resistant under no-choice conditions. Coupled with the relatively high heritability estimates for number of stings per unit leaf area, genetic improvement of lettuce for leafminer resistance seems feasible. We are currently incorporating the resistant sources found in this study into elite cultivars in a lettuce breeding program.
